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Advances toward inner-shell photo-ionization 
x-ray lasing at 45 ii 

Stephen J. Moon, Franz A. Weber. Peter M. Celliers, and David C. Eder 

Abstract . The inner- s h e I I photo- ion i z ;I t i o n (IS PI ) sc Ii e me 1-eq ti i re s 11 h o to n e ne rgi e s at least hi  sli 
enough to photo-ionize the K-shell. -256 eV. i n  the cnse of carbon. As a consequence o f  the highei- 
cross-section. the iniier-s\ie\\ ai-e "se\cctive\y" linocl\ecI out. lea\ ing ;I liole state I S ~ S ' ? ~ '  i n  the 
si iig I y c ti arged c;ir bo n ion . This ge nei-a te s :I popii 1 at i o n i 11 \.e 1-s i o n t c )  the r x l  i a( i \,e I y connected st ate 
I s - ? s 2 p  in  C+. lending to gain on the Is-2p transition at 45 A. The resonant character of  the lasing 
(ransition in the single ionization state intrinsicnlly :iIlou s mticli highei- qiiantiiin efficiency 
compai-ed to other schemes. Competing processes t h a t  cleplete the population inversion include 
;I iito- i o n i za t i o 11. Augei- decay. ;i ntl i n  pal-t i c LI I ~ i r  co  I I is i o n:i I ioniz;ition c) f the o LI t el-- s he I I e I ec t r o  n s by 
el ec trons gei1ei-a t ed dur i iig photo- i on i za t i on . These con i  pet i iig pi-oce sse s rap i d 1 y q lie nc h the pa i n . 
Conseqiiently. the piimp method miist$e capable ol' p y x k i t i n g  the in\.csrsion :it a rate fastcr t h a n  
the competing pi-ocesses. This can be achieved by/ ai? tilti-a-fiet. high intensity Inser that is able to 
generate a n  ultra-fast. bright x-I-ay source. With current nd\,;unces in the development o f  higli- 
power. ultra-short pulse lasers it  is possible to realize fast x-ray soiii-ccs based that can deli\'er 
po\verful pulses of light in  the multiple hundrecl teraivatt resinie and beyond. We \ \ i l l  discuss in 
greater detail concept. target design a n d  ;I series of  x-I-ay spectroscopy in\.estigations w e  h a v e  
conducted in order to optimize the absorberlx-ray converter - filter packye .  

, ?  

1. INTRODUCTION 

Since the first demonstration of x-ray lasing at Lawrence Livei-more National 
Laboratory in 1985 [ I ] ,  and elsewhere [2], based on the utilization of high-power 
p imp lasers designed and built for fusion research. new and more efficient pumping 
techniques have been vigorously sought after. I n  (he last decade, inany important 
experiments have been conducted and good pi-oy'ess has been made towards table-top 
x-ray lasers. The advent of a new generation of chirped pulse amplification techniques 
has made possible the design and fabrication of po\vet-Ful and crlti-a-short pulse duration 
piimp lasers that seem to have the cap;ihilit)~ to shrink soiii-ce dimensions ft-om 
occ LI p y i i i  g w h o I e rooms to tab I e - t op size . Many app I i c at i on s , h o \\:e \/e 1'. do i n dee d 
reqir i re x-ray I aser \v ave 1 en gth s s h oiler than c iirren t 1 y at t ai nab I e \vi t h t ab1 e-t op si zed 
schemes since scaling to \vavelengths shorter than  100 A pi-oves rather difficult [3] - 
[71. 

Inn el-- s h e I 1 photo- i on i z a t i on x -ray I ase I-s rep re sen t ii c 1 ass of x - I-a y I asc 1-s pi-e v i o 11s I y 
iini-ealized and first proposed by Duguay and Rentzepis [8]. Several authors have since 



xiop t ed t h at i n ne r -sh c I I ph ot o-i on i 7. at i on sc h c me 9. 1 01 . ;in d c 011 c 1 11 de t h at ope r;i t i n 2 
on a Kv. ti-ansition of a low 2 clenicnt constitutes an attrxti\'e \\jay to efficiently pimp 
an x-I-ay lasei- i n  the sub 50 A re9iiiie. All these  ne^' sclicmcs still need sub SO 
femtosecond and ~ i - e a t e i -  t h a n  I J in ai optical pulse to drive the triinsition. Advances 
in powerful iilti-ashort pulse laser (USPL) technology prompted LIS to investigate that 
gr-oiip of schemes w i t h  the application of car-bon as the lasiint material in greater detail. 
The choice o f  this in;ikrial is h \ ,  \,irtuc of its electronic propel-tics with pal-ticular 
respect to the Auger I-ecombination rate and lasin? wavelen~tli  at ;I \\:awlenpth of 45 
A. 

Here. i n  section 2 \ye discuss physics of the target and present 0111- modelins results. 
We describe our method foi- a ti-aveling wave setup suitable to pump inner-shell photo- 
ionization schemes i n  section 3.  The report on our experimental findings on tarset 
output and laser performalice is given in section 4. We summarize in section 5 .  

2. Target Physics 

50 I O @  150 200 

Time (1s) 

0 25 50 i 5  1W 125 1'30 

Timelb] 
~ ~ 

0 0.2 0 4  0 6  0 8  1 

, EnergY(kev) 
t=36fs t=76fs - t=96fs 1 

t=l16fs - t=207fs - - t-364fS 

Figure 1 .  ( a , )  Shows the simulated ternpoi-a1 history 01' tlic source, spectrally 
cm ' foam) at 45 A. (c.)  integrated. (b.) Is the calculated gain in carbon lasant 

Shows the simulated spectral emission for v;irioiis times. 

Results of  o w  model in^ effort ai-e shown i n  l'igui-es 1 ;I through c.  An USP high 
intensity optical laser o i  1x10"  ~ / c m '  ancl 40 FS piilse duration i s  incident on a foil 
consisting of 200 A layered on 1000 A of Ti. The laser is at noi-mal incidence on the 
gold absorber: the ti-ont side of the target. aiicl the incoherent x-ray soiirce, nrhich 
piimps the carbon lasant. is due to back-side emission. The modeling was pei-formed 
using the hydr-odynainics/atoinic code LASNEX [ I  1 1 .  The code includes many physics 
models necessary to simulate a multidimensional I-adiative hydrodynamics problem. 
i nc 1 iidi ng I aser-m alter i n terac t i on. I-adi at i on trans fer, e I ec t ron 1 hernial di ffus i on by 



contluc t i 011. ;in d si n i  pl c clesci-i pt i on o 1' n on - I oc;iI I heimod yn amic q u i  I i hri u m  atomic 
kinetics. Reference I 1 includes ;I dcsci.iption of the physics inodcls used in  LASNEX. 

The energy from the optical I X C I .  is deposited in ;i self-consistent inannei- by 
solvii i~ the wave cquation for the Ixe i -  electro-magnetic lielcl and the atomic kinetics 
and x-ray emission ai-e calculated \\/it11 ail rivei-age-atom atomic model. which includes 
s pi n orb i I c o i i  p I i ii g . Care f u  1 opt i ni i z a( i on of the con ve i-t ei-/f i I t er ;is se in b 1 y parame t e 1's 
y i e 1 clcd the \ t a l  LICS i n cl i cared :ilw \,e . Fui-t tic imo i -e  . t he ion i z i t i  on vc I oc i t y i n t lie 
ahsorber material ensures t h a t  the t h i n  gold layer is completely ionized at the end of a 
- 40 1's optical p i m p  pulse. and at the same lime tlie Libsol-ption occui-s nl near solid 
density. Figure 4 a shows the calculatecl bacl<side emission froni the foil structure and 
figure 1 b shows the corresponding gain of 9.9 cm-l for low-density cai-bon foam at 
10 c d .  Figure 1 c depicts spectral emission 1'1-om the target structure for various 
limes. 
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3. Traveling Wave Puniping of an Ultrashort Pulse X-Ray Laser 
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Figure 2. USPL traveling wave pimping system in line focus geometry. 

The use of traveling optical waves ;is a inelhod of delivering optical energy is not 
new to lasei- science [ 121 - [ 161. Even before chirped pulse amplification (CPA) came 
on the scene, Bor [ 171 employed ;I traveling wave lechnique to pi-oduce optical pulses 
with a I picosecond duration. Indeed. the ficld of collisionally pimped XRLs has also 
seen the i in p lemen ta t  i on of trave I i n 2 \vave p ~ i  in pi n g (T W P) sc hemes . 111 I h o LI gh at 
m L I C  h I on ger p i  I se d i i i x t  i on s , i n order to enhance XR L pe rloimaii ce . Pi-e v i o lis an a1 y si s 
[ IS]  foi- these schemes shows that TWP ma>/ be advantageously applied whcne\w the 
piimp time divided by the target length turns out to be less than 33 ps/cni. 

The p h y s i c al c 11 arac te I-i sl i c s o f t he i'ecl 11 1 red trave 1 i n g wave optical p 11 in pi n g s y s t e ni 

are largely determined by the physics of tlie x-ray laser timsitioii as described in 
section 2. The very rapid rise time of the hroacl-band\yidrli x-ray source. faster than the 
Lippel- state lifetime i n  c:ii.bon. dictates. because of the competing processes and 
subsequent depopLiIation of the Io\v&r l a w  state. zero gain for times greater than 



approximately SO 1's (see fig~ttr I 13). This tiiiic constixitit is true for e \  cry  incrcmental 
length of the lasin: volume. Thus. \\'e find that the stringent p i m p  ~ - ~ ~ ~ i i i ~ ~ e t i i e n t s  of the 
lSPl XRL schemc ;IS ;L conscqiieiice also impose very stringent I-ecluit-ements on the 
qiiality and fidelity of the focusinp system. A tt.a\'eling \vavc focusing scheme is 
therefore essential to p i m p  an XRL amplifier tat-get. 

The pump l i sh t  (optical energy of USPL) must be delivered to the target at an 
intensity of 1.0 x i o i 7  W/cni' i n  ;I spot size 01' appi-oxiinately 30 iim t h a t  illuminates 
tlie target along ;I linear tracl, of - I O  m m  length and travelin: at the velocity of light 
c (index of refi-action - I .000) along the target surface. The xi-ival time deviation 
from a linear variation at any point along the trajectory must be less than SO fs 
coi-responding to ;I distortion level around or better. The pulse duration of the 
focused beam must be a faithful representation of the incident pulse from the drive 
laser. Also attendant is the vertical spatial distortion that. accordingly. must he limited 
to better than +/- 15 pin over 10 m m  or - 10.' over the laser length. These are not 
Lini-easonable numhers for generic optical systems: however. the utilization of a high 
power USPL wi th  its 50 to 100 nm band\\~iclth mandates all-r-el'lective optical surfaces 
in order to eliminate not only the chromatic distortions that lead to piilse temporal 
broadening [ 191, but also distortions due to the intensity induced nonlinear index of 
refract i on vari a t i on s ( B -In t eg I-al ) . As ;i re s i t  I I. o t i  I y a vac 11 LI in di f frac t i o t i  gi-at i t i  g 
succeeds as a dispel-sive element out of a variety of traditional methods (prisms, Fabry- 
Perot interferometers. and gatings [ZO]. [2 11) to t i l t  wave fronts of' optical pulses by 

The schematic of the TWP setup is depicted i n  figure 2. The novel feature of the 
design is a hologi-aphically-genei-ated grating t h a t  serves both. to produce the pulse 
front tilt needed for the traveling wave, and also to correct residual abei-I-ations in the 
focusing system. We designed the system to piaject an image of a n  incident SO mm 
beam onto the 10 mm target surface at Sx demagnification. Most of the focusing 
power is accomplished using a reflective inverted off-axis Schwarzschild microscope 
configuration (primal-y mirror: 1500 mm concave radiiis, secondary mirror: 309 mm 
convex 1-adius). These two mirrors are placed in a classic Schwarzschild confocal 
configui-ation - and the design is optimized for 5 :  1 demagnification. The grating is 
centered on, and pel-pendiculat- to, the chief axis of the Schwarzschild system; the 
v grating image is then pi-o-jected onto the tai-pet plane. which is d s o  centered on nnd 
perpendiciilar to the chief axis. In o~tt- design we use an  off-axis suhset of the 
cy 1 i ndr-i ca I 1 y s ym me t r-ic S c ti \~ai 'zsc h i Id co t i  I'i g iirat i on. li ence t h e rays trave I in g t h 1-0 i t  g h 
our focusing system arrive obliquely on all the optics. I n  order to produce ;I pulse 
front traveling at velocity c across the target surfrice using ;in imaging system 
oper-ating w i t h  magnification M. i t  can bc sho\\'n that the grating must be illuminated 
at an angle c1 = sin- (M) from the gi-ating noi-mal (while the clilfracted beam Ictives the 
grating approximately a t  the normal). I n  our case M = 0.2 and cl = 11.54". The pulse 
front intersects the grating surface along ;I vertical line: this line initst be focused onto 
the target at a point, which I-quires tlie fociising system to be  astigmatic. We 
accomplish this by using t\vo additional cylindrical mirrors tha t  are configured to 
produce the required line focus on the target. Using the combination of the two 
spherical and two cylindrical elements a ray trace analysis can optimize this systcm to 

I ., ' 8 .  
4 .  angular dispersion. rt , 

I 



p d i i c e  ;I line I'OCLIS t h a t  is ;I IC\\. times c~ i I ' f i~ ; i~ t i~~n- l imi t ec l  at [he target plane. The 
trajectoi-y of the pulse f ront  pi-ociuced by imaziiig ;I fI:it gratin: onlo ;I flat tarzet \vi11 
not have ;I constant velocity. but \\,ill have ;I small cl~iadr-atic deviation from this. ( A  
planar pulse front oi-iginatins fi-om the grating reaches the target plane ;IS a cylincli-ical 
pulse front because i t  must pass thinugh ;I focus before reaching the txget.)  We can 
adjust the shape of the piilse front to correct for this by wing a slightly cylindrical 
surface at the grating plane. The required grating surface curvature depends on the 
magnification and focal length of the Schwarzschild system. 

The remaining geometrical abeintions in the system can be coi-rected h y  generating 
the grating liologi-aphically. To accomplish this the system miist be back-illuminate 
with ;I diffraction limited line focus at the target plane. The grating can then be 
produced by interfering the back pi-opagating beam w i t h  the 1 I .54" incident beam at 
the grating surface. The back propagat in  g beam i ncoiporates the residual aberrations 
i n  the focusing system. thus allowin: the production of a grating patteiii that will 
correct for these abei-rations. Dui-iiig operation slight adjustments in the phase velocity 
of the pump at the target can be accomplished b y  slight tilts of the grating about an 
axis perpendicular to the plane of incidence. 

4. Experimental Results 
I ., ' 8 .  

111 order to effectively and accurately in"ve8tigat'e the emission fi-om the x-ray 
converter i t  is necessary to field a spectrometer, which covers wavelength regions on 
both the long and short wavelength side of the carbon K-edge. That requirement puts 
severe limitations on the choice of materials to be employed in the dispersing element 
of the detection system. 

The experimental investigation was conducted at the LLNL Falcon USPL facility. 
The laser is based on a Ti:Sapphire oscillator and uses CPA to produce nominally 500 
inJ pulses of 35 fs individual duration at a repetition I-ate of 1 Hz. We used the laser's 
regenerative amplifier pumped at saturation level. After initial determination of output 
levels a11 shots were set up in a p-polarized configiu-ation and a 45 degree angle of 
incidence on target was maintained. The center wavelength of the laser 1 = 820 nm was 
focused on target by means of an off-axis p i x h o l a  at f/2. In our first set of 
experiments we have iised maximum energy thi-ough the foul- pass amplifier and ail- 
compressoi- and have been able to achieve ai.ound 100 mJ on target. On every shot \ve 
monitored the unconverted beam energy ;is \\/ell as the level of amplified spontaneous 
emission (ASE) b)/ means of a calorimeter ;tncl a 170 11s last-rise time photodiode. 
respectively. A typical ASE profile rose linearly i n  time until the arriwl of the main 
pulse. 

The CCD as \vel1 as  a soft x-ray pinhole camera (SXR PHC) were I'iltei-ecl i n  order 
to block stray light and unwanted optical reflections. We used 12.5 pin of berylliurn 
for the SRX PHC whei-eas we installed ;I total 01' 21tA of a l u ~ n i n i ~ ~ n  on lop of 2 ItA of 
Lexan in the spectrometer. The spectral composition of backside x-1-ay emission for 
vai-ious focal distances is shown in  figure 3 .  For verification of the focal spot size oil 



the targct t'ront sick \\'e employed an .x-ray pinholc camera comprising ;I iiiitltiple 
pinhole array coupled to a sol't x-ray sensitiw CCD ;is desci-ibecl above. The diagnostic 
\vas operated at a magnificatioti of 15. Data analysis on both. the pinhole iinages and 
the static spectroscopy data \vas petformed by subtixcting dark images in order to 
coil-ect foi- detector temperatiii.-dependent noise in xldition to the suhtractioii of high 
energy photon and electron generated background. We then integrated the signal over 
the regions of interest and act.justcct for analyzct- reflectivity. filter transmission 
functions. and detector q u a n t u m  efficiency. 
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Figure 3: Time integrated backside emission increases away from best focus. 

We found the spot size at best focus to be ai-ound 23 pm at FWHM, which 
corresponds to a laser intensity on target of 6 . 9 ~  IO" W/cm7. The best focus I S  located 
at a position measuring 100 pm away fi-om the initial target surface due to a distance 
calibration offset. 

5 .  CONCLUSIONS 

We have set out to pmi ie  a longstaiiding goal of x-I-ay laser research, the 1-ealization 
of the inner-shell photo-ionization (ISPI) pumping scheme i n  order to cleinonsti'ate 
lasing at wavelengths not yet possible by table-top energy soul-ces. We have shown an 
efficient x-ray converter/fiItei- piiclcage and sttidying its backside x-ray emission. Foi- 
that purpose we have devised ;itid fabi-icated a versatile soft x-ray specrrometei. 
iiiiiversally siiitable for analysis 01' variotis x-ray souires based on laser pi.ocluced 
plasmas. A soft x-ray pinhole camel-a has been used as an additional diagnostic to 
verify focal spot properties a n d  target intensities. We found a maximum conversion 
efficiency of 12x10.' at a position of 300 pin out of best fociis. We did not see any 



e\, i de 1-1 cc for i i i  c re asccl backs i clo s - I-a y c in i ss i 011 ;IS ;I res t i  1 t o f i n ten t i 011 a1 11 rep it I se s 
elelivei-ed to the targel. inclependent 01' pitlse delay. 
W e  have also invented a novel ~cchiiique to measure the r ise time o i  iiltiA'ast s-ray 
pulses, which constitutes an enahl in~  technology in the diagnosis of model-n 4th 
seneration light sources currently undei- design worlclwide. There, we employ a 
diamond x-ray rransdcrcer i n  a pitnip probe arangeinent to reflect a p-polarized pi-obe 
beam a t  Br-e\\,stcr's angle. In acldition. \\'e have shown how to crcate 3 line focus using 
an 11 1 t I-ash or t  optic ;I I I asel' 13 11 I se i n trave I i n g wave gcomet r y e nip 1 o y i n a 
h o I ogi-ap h i c all y pocluceci g rat i n 9 for coin pens at i on of optical aberrations in t he re I a y 
imaging system. which are inti~ociticecl by the use of standard spherical and cylindrical 
components . 
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